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Abstract
In this work, we present two green routes, as an alternative method to traditional synthesis, to obtain TiO2 nanoparticles 
(NPs) from vanillin (TiO2_V) and Bougainvillea glabra Choisy flower extracts (TiO2_B) as suitable non-toxic reducing 
agents due to their potential to reduce their environmental impact and cost during the synthesis process. The NPs presented 
an anatase phase as confirmed by X-ray diffraction, and with crystallite sizes of 6.10 nm (TiO2_V) and 5.89 nm (TiO2_B), 
their hydrodynamic size and morphology were characterized by dynamic light scattering and scanning electron microscopy, 
respectively. Infrared spectroscopy confirmed TiO2 characteristic bands for the obtained materials and from their UV–Vis 
absorption spectra band gap values of 3.07 and 3.08 eV for TiO2_V and TiO2_B, respectively, were calculated. Additionally, 
Grätzel cells were prepared to investigate the efficiency of the NPs obtained by this green synthesis. Finally, we included 
a theoretical section where, from ab initio calculations of structural and electronic properties, we explain the role of the 
reducing agents of the employed experimental synthesis, finding that the radicals restrict the grown-up of the clusters by the 
passivation of the dangling bonds modifying the crystal structure of the clusters splitting the t2g orbitals, altering the band 
gap of the clusters.
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Introduction

The synthesis of nanoparticles (NPs) of metals and metal 
oxides is of great importance due to its many applications, 
and it proposes benefits of almost any nature, from medi-
cal, technological uses, or benefits to the environment. The 
properties shown by nanomaterials compared to the bulk 
properties have produced a new generation of materials 
with extraordinary physical and chemical properties, caus-
ing the area of nanotechnology primarily focused on TiO2 
nanoparticles to encompass a growing scope in the last 
decades. Among the most studied nanomaterials, metal 
oxide nanoparticles are of particular interest due to their 
multifunctional capabilities (Ibarra 2015); specifically, the 
TiO2 nanoparticles have a large specific surface area and 
a high surface activity when they are on the nanometric 
scale (Hussain et al. 2010). The preparation of the NPs of 
this metal oxide has been thoroughly investigated using 
various synthesis methods with which the final proper-
ties can be affected depending on the morphology and the 
formation of agglomerates (Dubey et al. 2019).

In the production of nanomaterials, there is a growing 
concern about the generation of toxic waste that is poten-
tially harmful to humans and the environment. One option 
to address this problem is to apply the principles of green 
chemistry to synthesize these materials. In this context, 
plant extracts provide a new biosynthetic route capable of 
achieving quality products that are non-toxic to humans 
and the environment. According to those mentioned above, 
there is considerable interest in the antioxidant properties 
present in organic compounds and secondary metabolites 
of different plant species, such as polyphenols, phenolic 
acids, and flavonoids. Consequently, studies have recently 
begun to produce nanostructures from extracts or essential 
oils that allow reducing metal salts. The vanillin struc-
ture (4-hydroxy-3-methoxybenzaldehyde) is a compound 
derived from phenolic acids, which has a hydroxyl, ether, 
and aldehyde radical present in the vanilla bean, but which 
can also be obtained by synthetic methods from lignin or 
guaiacol (Kumar et al. 2012). A study of pulsed radiation 
with radiolytic species showed that vanillin had reducing 
properties in some biomolecules due to the formation of 
phenolate ions that could relocate an electron in the mol-
ecule or transfer it, forming phenoxy radicals at higher 
values of pH (Mahal et al. 2001).

Furthermore, the composition and quantity of organic 
compounds or metabolites present in the bougainvil-
lea plant depend on the extraction conditions, mainly on 
characteristics such as the genus of the species, the plant 
section where the extraction is carried out, and the polar-
ity of the solvent used. In the particular case of B. glabra, 
compounds corresponding to flavonoids, sterols, terpenes, 

carbohydrates, and betalains have been found in ethanolic 
extractions (Abarca-Vargas and Petricevich 2018). The lat-
ter implies a higher concentration of OH and C=O func-
tional groups, which have reducing properties that also 
act as stabilizing/capping agents in the biosynthesis of 
nanomaterials and that could ultimately impact the final 
characteristics of materials such as shape and size (Arief 
et al. 2017; Rauf et al. 2019).

In this work, as an alternative to the traditional synthesis, 
we present two green routes to obtain TiO2 NPs from vanil-
lin and Bougainvillea glabra Choisy flower extracts as suit-
able non-toxic reducing agents, with the potential to reduce 
their environmental impact and cost during the synthesis 
process. Also, we include a theoretical study to determine 
the effect of the OH− radicals on the morphology and optical 
properties of the particles obtained.

Experimental section

Preparation of bougainvillea extract and vanillin 
solution

The bougainvillea flowers were washed with distilled water 
and dehydrated for 72 h at 65 °C; subsequently, they were 
grinded to obtain a powder. For the specific case of bougain-
villea, 15 g of the powder obtained from the flowers were 
required, which were refluxed with 150 mL of isopropanol. 
The system was kept under stirring for 1 h at a temperature 
of 60 °C. On the other hand, food-grade vanillin powder 
(4-hydroxy-3-methoxybenzaldehyde) was purchased, and 
directly dissolved in 150 mL of isopropanol and stirred for 
1 h at 60 °C. Both samples separately were filtered at room 
temperature (23 °C and relative humidity of 56%) using 
Whatman No. 1 filter paper.

Preparation of TiO2 nanoparticles

The synthesis process used 0.6 mL of the vanillin solu-
tion and the bougainvillea extract. For each case, 0.5 mL 
of HNO3 was added in 60 mL of deionized water, leaving 
stirring at room temperature for 1 h. After this time, titanium 
isopropoxide (TTIP, Ti[OCH(CH3)2]4) with purity 97% 
(Sigma-Aldrich) was added, and the system was refluxed at 
80 °C for 1 h. After synthesis, the solutions were centrifuged 
for 30 min at 4000 rpm to decant the aqueous phase and 
remove the TiO2 NPs, which were dried at 70 °C for 24 h. 
The green synthesis was carried out without the calcina-
tion process, and the particles obtained by this method were 
ground in an agate mortar to separate most of the agglomer-
ated particles.
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The sample of TiO2 anatase (TiO2_A), which was used 
as a reference, was synthesized by the hydrothermal method 
reported by Tong et al. (2008).

Characterization of TiO2 nanoparticles

The particles synthesized by the three different methods 
were characterized for the investigation of their crystalline 
phases and the size of the crystals using X-ray diffraction 
(Bruker D2 Phaser), the hydrodynamic size was measured 
using the technique of dynamic light scattering (NanoFlex); 
the morphology of the samples was analyzed in a scanning 
electron microscope (JEOL JSM-7800F). Optical measure-
ments were carried out on a UV–Vis spectrometer equipped 
with an integrating sphere (Agilent Mod. Cary 6000i 
UV–Vis-NIR), and by infrared spectroscopy (Agilent Cary 
600) was analyzed the chemical structure of TiO2.

Preparation of Grätzel cells

For the preparation of Grätzel cells, it was necessary to dis-
solve the TiO2 samples in a 10% HCl solution. Later on, 
this paste was deposited by blade coating method in three 
stacked layers on the conductive FTO glass (Solaronix 15 Ω/
sq), with dimensions of 25 × 25 × 2 mm; subsequently, it was 
sintered in a muffle at 450 °C for 1 h. To sensitize the sam-
ples, we employed an N719 standard dye solution dissolved 
in 100 mL of acetonitrile (both reagents Sigma-Aldrich 
brand). For the counter electrode, a glass coated with a solu-
tion of hexachloroplatinic acid hexahydrate (H2Cl6Pt·6H2O) 
in isopropanol was used, which was heat-treated at 450 °C 
for 30 min. Finally, the composition of the redox mediator 
used was Sigma Aldrich brand 0.3 M lithium iodide (99% 
purity) and 0.015 M elemental iodine (I2 99.8–100.5%, Rea-
sol), which was dissolved in carbonate of propylene (CP 
99.7%, Aldrich). The cell efficiency was determined using 
a light source with a photon flux of 72.5 mW/cm2 at 15 cm 
from the sample and an incidence angle of 90º.

Theoretical section

To understand the effects of the environment generated by 
the experimental proposed synthesis methods on the elec-
tronic properties of the nanoparticles, we constructed several 
titanium dioxide anatase clusters, (TiO2)n (n = 4, 8, 16, 32, 
36, 72, 108). All the clusters were computed under three 
different schemes, considering the number of OH− radicals 
around each system: (0-OH), (6-OH) and (12-OH). The lat-
ter was done to mimic the behaviour of the employed green 
synthesis, since the OH− radicals are the reducing agents 
of this method. All the calculations were performed using 
the Density Functional Theory (DFT) as is implemented in 

the Vienna ab initio simulation package (VASP) (Kresse 
and Furthmüller 1996). The core-valence interactions were 
described by the frozen-core projector augmented wave 
(PAW) method (Blöchl 1994; Kresse and Joubert 1999). Soft 
PAW potentials were used for Ti and O atoms. The wave-
functions were expanded in plane waves with an energy cut-
off of 400 eV. We considered only Γ-point sampling of the 
Brillouin zone. Van der Waals corrections have been applied 
to total energies and forces through the DFT–D3 method 
(Grimme et al. 2011). In Fig. 1, we present the titanium 
dioxide cluster (TiO2)108 without radicals. For the cases of 
the (6-OH) and (12-OH) schemes, the radicals were placed 
around the nanoparticles. 

Considering that nanoparticles are finite systems, one 
could not define the true band gaps because of the high 
surface-to-volume ratio; the properties behave differently 
in both limits. To approach this situation, in the first step, 
we employed a supercell model with one nanoparticle of 
(TiO2)n per unit cell. To avoid spurious interactions between 
periodic images, we considered a vacuum of ~ 16 Å in all 
three directions. Once we have obtained relaxed structures, 
we proceed to calculate the band gap of a representative 
bulk, built from the corresponding volumetric deforma-
tions suffered by each nanoparticle under the effects of the 
simulated environments. In addition, the hybrid functional 
HSE was included in the calculations (Heyd et al. 2006). We 
used a proportion of ∼ 20% of HF exchange with 80% PBE 
exchange to obtain accurate energy values for the band gaps 
(Ünal et al. 2015).

Experimental results

The crystalline phase of the synthesized particles was stud-
ied by XRD. Figure 2 exhibits the TiO2 patterns of samples 
A (anatase), B (bougainvillea) and V (vanillin), recorded at 
room temperature in 2θ angle in the range of 20–70 °C using 
CuKα radiation (λ = 0.15406 nm). The diffraction patterns 
on (101), (103), (004), (200), (105), (211) and (213) were 
found to be consistent with the reflections of anatase phase 

Fig. 1   (TiO2)108 anatase supercell where blue spheres are titanium 
atoms and red spheres are oxygen atoms. Similar structures are 
employed to simulate the different proposed nanoparticles
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of TiO2 in accordance with JCPDS card No. 21–1272 (Al-
Taweel and Saud 2016; Godbert et al. 2018; Goutam et al. 
2018). The syntheses made with vanillin and bougainvillea 
extract (TiO2_V and TiO2_B respectively), showed the same 
diffraction peaks even without a calcination treatment after 
the synthesis (Watson et al. 2004). However, the length and 
sharpness of the diffraction patterns are related to the cal-
cination temperatures (He et al. 2014) and the storage time. 
Furthermore, the signal at 2θ = 25.30° implies the presence 
of the anatase phase only, which for the TiO2_A sample is 
more defined because it was calcined at 400 °C (Liu et al. 
2012).

The size of the crystals showed in Table 1, was calculated 
using the maximum peak and according to the Debye–Scher-
rer equation d = kλ/βcosθ, where k is a constant of the shape 
factor, λ  is the wavelength of the X-ray radiation and β  is 
the full width of the peak at half height (Al-Taweel and Saud 
2016).

In Fig. 3, the results obtained by dynamic light scatter-
ing (DLS) are shown, for the particles obtained by the three 
synthesis methods. The particles obtained by the hydro-
thermal method (TiO2_A), presented a broad monomodal 
signal in the 1500 nm zone that would be representing 93% 
of the total volume of the dispersed phase while the sam-
ples obtained by green routes are in the order of 300 nm 
for the highest percentage of their volume in the dispersed 

phase. The size of the particles obtained by DLS is larger 
than measurements by other techniques since they are not of 
individual particles but of large agglomerates dispersed in 
an aqueous medium; these are generated as a consequence 
of their ability to attract each other due to its high surface 
energy (Hafizah and Iis 2009).

Figure 4 shows SEM micrographs of the synthesized NPs. 
TiO2_V sample showed a morphology similar to the tradi-
tional synthesis due to electrostatic forces on their surface 
and the presence of metabolites as reported by Shanavas 
et al. (2019). Conversely, the TiO2_B sample presented an 
irregular plate-like morphology; Amanulla and Sundaram 
(2019) reported a similar effect with NPs synthesized from 
plant extracts. A possible explanation for the latter case 
is that an excess of OH radicals (systems with n > 16, as 
reported in the Theoretical Section) generates a volumetric 
deformation leading to a relaxation in the clusters, which 
gives place to an irregular morphology.

The presence of functional groups was analysed using 
FTIR as shown in Fig. 5. The FTIR spectrum of vanil-
lin powder (Fig. 5a) shows characteristic signals at 1590, 
1510, and 731 cm−1 corresponding to vibrations of the C=C 
stretch of the aromatic ring. In comparison, the 1660 cm−1 
signal corresponds to a stretching of the C=O bond of the 
aldehyde group. The band located at 3163 cm−1 is attributed 
to an –O–H stretch belonging to a phenolic group. Whereas 
the signals at 1660 and 1150 cm−1 are stretches of the C=O 
and C–O–C bonds, respectively (Shekarforoush et al. 2017). 
On the other hand, the powder of B. glabra flower presented 
a broad signal between 3400 and 3100 cm−1 characteristic 
of the –O–H groups. Finally, the signals at 1726, 1610, and 
1023 cm−1 correspond to the stretching absorption vibra-
tions of the C=O, C=C, and –C–O bonds, respectively. In 
Fig. 5b, we can observe broad and small peaks in 3400 cm−1 
and a 1640 cm−1, were assigned for stretching and bending 

Fig. 2   X-ray diffraction (XRD) pattern of synthesized TiO2 NPs

Table 1   Comparison of different size samples (DLS, SEM and XRD)

Sample DLS (nm) SEM (nm) Crystal-
lite size 
(nm)

TiO2_A 1500 800 14.76
TiO2_B 342 400 5.89
TiO2_V 325 500 6.10

Fig. 3   Dynamic light scattering (DLS) measurements of size disper-
sion of the TiO2 particles obtained from different synthesis
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vibrations respectively from hydroxyl groups and water mol-
ecules present on the TiO2 surface. The presence of -OH 
groups is related to photocatalytic properties of TiO2 NPs 
(Goutam et al. 2018; Amanulla and Sundaram 2019). Two 
bands in 1045 and 1130 cm−1 were ascribed for C–O–Ti 
vibration bond (Ochoa et al. 2010; Amanulla and Sunda-
ram 2019).  Between 500 and 700 cm−1 a broad peak cor-
responds to Ti–O stretching and Ti–O–Ti bridging stretching 

frequencies. Both TiO2 green syntheses presented a small 
peak near 1420 cm−1 attributed to the presence of -OH 
groups coming from secondary metabolites which form a 
complex with the metal ion (Marslin et al. 2018); neverthe-
less, this peak could disappear after an annealing process as 
reported by Liu et al. (2012).

An analysis of the absorption spectra was carried out to 
study the optical properties of the TiO2 NPs, and to deter-
mine the prohibited energy band. Based on the minimum 
absorption energy necessary to promote the electrons from 
the valence band to the conduction band,  we used the Tauc 

Fig. 4   SEM images of a TiO2_A, b TiO2_B and c TiO2_V

Fig. 5   FTIR spectrum of a Vanillin and Bougainvillea glabra powder 
and b different TiO2 synthesized

Fig. 6   UV–Vis spectra of TiO2 samples and its band gap values
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method with the correction proposed by Makula et  al. 
(2018). This method was applied to the spectrum obtained 
by UV–Vis (Fig. 6); in addition, the absorbance was calcu-
lated applying the first-derivative method to the same spec-
trum to calculate the inflection point. The band gap energy 
(Eg) calculated for each sample is shown in the embedded 
table in Fig. 6, the absorption of photons of energy higher 
than Eg, better known as photoexcitation, promotes electrons 
from the valence band to the conduction band, which will 
define their possible uses and applications. The difference 
among the band gap values obtained is a consequence of 
wider absorption bands due to the presence of secondary 
metabolites on the NPs surface capable of absorbing higher 
wavelengths.

Grätzel cells were prepared to measure the performance 
of the TiO2 materials by comparing their characteris-
tic I–V curves of each sample (Fig. 7). The low efficiencies 
of the cells prepared using the green NPs, are attributed to 
a reduction in the photo-response of TiO2 due to inadequate 
absorption of the dye (Jeng et al. 2013). The low values 
of Jsc and FF, shown in the table embedded in Fig. 7, are a 
consequence of the preparation method used due to limited 
control over the thickness of the TiO2 layers in the pho-
toelectrode. A refinement in the preparation technique and 
choosing of suitable dope materials could improve these val-
ues for further research (Ruhane et al. 2017; Sharma et al. 
2018).

Theoretical results

Returning to the objective of the theoretical contribution 
in this work, to understand the role of the green reduction 
agents on the structural configuration and electronic band 
gaps of the NPs, we performed a systematical analysis of 

the several clusters under different environments, taking 
as a reference point the respective calculated values for the 
TiO2 bulk. So, we took the system with 6 OH− radicals as 
a representation of the experimental vanillin green synthe-
sis, since the bougainvillea extract method presents more 
OH− radicals, the (12-OH) scheme represents it. In this way, 
we present in Table S1 (see the Supporting Information) 
the unit cell volume values and the Eg, for each theoretical 
system proposed. In general, for systems with n < 16, the 
interaction between the nanocluster and the OH− radicals 
compress the cluster, as a consequence, the internal atoms of 
the nanoparticles are stressed. Inversely, systems with n > 16 
show a slight increase in total volume.

For a visual simplification, we present in the Fig. 8 the 
band gap value as a function of the volumetric deformation, 
δ. This figure and Table S1 show the well-known behaviour 
of band gap values with respect to the volume, the inverse 
relationship between them (Monticone et al. 2000; Choud-
hury and Choudhury 2014). According to our results, the 
presence of different gradients of OH− radicals concentra-
tion generates several volumetric deformations and, there-
fore, a variation on the band gap values.

To understand the origin of the band gap variations in 
the TiO2 systems, we performed an analysis of the den-
sity of states for all nanoclusters (depicted in the Sup-
plemental Information). We corroborate that O-2p states 
predominantly form the top of the valence bands; mean-
while, the bottom of the conduction bands consists of 
the Ti-3d states, which are responsible for the band gap 
variations. Additionally, we developed a PDOS analysis 
for all systems; in the Fig. 9, we present the case of the 

Fig. 7   V–I Grätzel cells curve

Fig. 8   Calculated energy band gaps for all the proposed systems 
under study in comparison to the bulk ones under the vacuum and 
OH− radicals schemes. Lines are a guide to eye. Experimental data is 
indicated by horizontal red line
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6 OH− radicals to discuss the general behaviour of the 
different splittings of the t2g and eg orbitals of the TiO2 
nanoclusters, which are directly correlated to the structural 
distortion present in the nanoclusters. In the first place, we 
can see that the main contribution to the changes in the 
band gap values is determined by the t2g states. In a per-
fect octahedral system, like TiO2 in the anatase phase, the 
dxz and dyz orbitals are degenerate. When our systems are 
deformed, the octahedral environment is broken, and the 
dxz and dyz orbitals split. On the other hand, the dxy orbitals 
are responsible for the band gap variations because they 
are in the edges of the conduction bands.

Finally, to evaluate the dependency of the structural 
configuration of the different clusters on the green synthe-
sis method, we calculated the formation energy for each 
case (depicted in the Supplemental Information) (Batzill 
et al. 2006; Pabisiak and Kiejna 2007). In all the cases, the 
obtained values were negative and are in the energy range 
of the 2.68–17.48 eV. In this band gap range, of values it 
is difficult to assign to the type of interaction, because this 
energy depends on the nanoparticle size, which influences 
the interaction between OH− radicals and on the possible 
passivation of the dangling bonds by the formation of two 
types of bonds (Ti–O–H or O–O–H), preventing the growth 
of the clusters. In general, the biggest nanoparticles are ener-
getically less affected by the presence of the OH− radicals.

Summing up, we find that the OH− radicals play an essen-
tial role to tune the electronic properties in the nanosystems 
studied here. According to the theoretical results, the size 
can be controlled with the green reduction agents, where 
the OH− radicals restrict the grown-up of the clusters by 
the passivation of the dangling bonds modifying the crystal 
structure of the clusters which splits the t2g orbitals, resulting 
in a modification of the conduction band. This passivation, 
from the experimental view, can be interpreted as the inter-
ruption of the agglomeration.

Conclusions

Vanillin and Bougainvillea glabra Choisy flower extracts 
were employed as metal ion reducing agents to success-
fully obtain TiO2 nanoparticles by a simple green synthesis 
method. X-ray diffraction showed the characteristic pat-
terns of the anatase phase without the need for calcination. 
A band related to the formation of an ion-metal complex 
was found by FTIR. Finally, the UV–Vis spectra band 
gap values are within the characteristic range for the TiO2 
anatase phase. To simulate the effects of the reducing agents 
in the green method synthesis, first-principle calculations 
were performed to investigate the electronic and structural 
responses of different sizes of nanoparticles under the influ-
ence OH− radicals’ concentration. We conclude that the NPs 
crystal structure varies with respect to the concentration of 
the radicals by the passivation of certain dangling bonds, 
which is reflected in the electronic properties, such as those 
shown by the analysis of the PDOS. For each proposed 
system, the splitting of t2g orbitals of the TiO2 is observed 
resulting in a band gap variation.
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